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B
Mean litter intervals for control and IR ∆Th mice assessed over a period of at least three litters (n=3 breedings).
C
Mean litter size for control and IR ∆Th mice assessed over a period of at least three litters (n=3 breedings).
D
Representative hematoxylin/eosin staining of ovaries and testes from control and IR ∆Th mice. Scale bar: Ovary, 500 µm; Testis, 50 µm.
E
Average body weight of female and male control (C57BL/6) and Th-IRES-Cre mice under normal diet conditions (females: n=14-19; males: n=8-9).
F
Daily food intake of female and male control (C57BL/6) and Th-IRES-Cre mice under normal diet conditions at the age of 15 weeks (female: n=8; males: n=8-9).
Displayed values are means ± S.E.M.. 
Analytical Procedures
Blood glucose values were determined from whole venous blood using an automatic Brain areas of interest (VTA, CPu, NAc) were dissected using a coronal acrylic brain matrix (Braintree Scientific, Inc., USA). Brain tissue was homogenized in 0.05 N HCl. After centrifugation, the supernatant was used to determine dopamine concentrations according to the manufacturer's guidelines.
Glucose and Insulin Tolerance Test
Glucose tolerance tests (GTT) were performed on animals that had been fasted overnight for 16 hours. Insulin tolerance tests (ITT) were performed on random fed mice.
Animals were injected with 2g/kg body weight of glucose (20% glucose, Delta Select) or 0.75 U/kg body weight of human regular insulin into the peritoneal cavity, respectively. Glucose levels were determined in blood collected from the tail tip immediately before and 15, 30 and 60 minutes after the injection, with an additional value determined after 120 minutes for the GTT.
Sucrose Preference Test
The sucrose consumption tests were performed using a two-bottle test (Bolanos et al., 2003; Hommel et al., 2006; Pothion et al., 2004) , mice having free access to water and a sucrose solution (water stoppers with two ball bearings were used to prevent leakage). During the experiment control and IR ∆Th mice were restricted to 80% of their average daily food intake. Animals were first habituated to drink from two water-filled bottles for 3 days in their home cages. At approximately 1:00 PM daily, water consumption from each bottle was measured to ensure that there were no baseline differences in bottle preference. On the next day a bottle filled with a 1% sucrose solution replaced a bottle of water. The liquid consumption in each bottle was measured every 24 hr over a period of 2 days, and the position of the bottles was alternated between the 2 days to compensate for bottle-position preference. The next consumption tests were conducted with increasing concentrations of sucrose (i.e.: 1, 2, 4 and finally 8% sucrose) and each sucrose consumption test was separated by a water consumption test. Sucrose preference (percent) was calculated as follows: preference = [sucrose solution intake (ml)/total fluid intake (ml)] x 100. Subsequently, 7µm thick sections were deparaffinized and stained using haematoxylin and eosin (H&E) for general histology.
Fertility Assessment
IR
Analysis of Gene Expression
Total RNA was isolated from tissues using the Qiagen RNeasy Kit (Qiagen, Germany 
Immunohistochemistry
For visualization of GFP expression after Cre-recombination and determination of endogenous Th expression mice were anesthetized and transcardially perfused with physiologic saline solution followed by 4% paraformaldehyde (PFA). Brains were dissected and post-fixed in 4% PFA at 4°C, transferred to 20% sucrose for 6 h and frozen in tissue freezing medium. For visualization of GFP expression after Cre-recombination immunohistochemistry was performed as previously described .
Pictures were taken with a digital color camera (Leica DFC 425, Twain Version 7.1.0.0) using Leica Application Suite 3.5.0 software.
For determination of endogenous Th expression 25 µm-thick free-floating coronal sections of different brain regions were dissected using a freezing microtome (Leica).
Sections were incubated for 20 minutes at room temperature in 0.3% glycine in PBS for 10 minutes and 0.03% SDS in PBS for 10 minutes, including PBS washes during the steps. After washing, sections were blocked for 1 h (3% normal goat serum in PBS, 0.4% Triton X-100, 0.2% sodium-azide) followed by incubation of primary antibody (rabbit anti-Th, ab112, Abcam) diluted 1:1000 in SignalStain ® Antibody Diluent (#8112, Cell Signal). Sections were extensively washed in PBS, incubated in darkness for 2 h at room temperature in goat antirabbit Alexa (A11012, Invitrogen, diluted 1:500). Sections were mounted onto gelatinecoated slides, dried, and coverslipped using mounting media (ProLong Gold; Invitrogen).
Fluorescence signals were detected under a Meta Zeiss 510 confocal microscope using Zeiss LSM Image software.
For determination of the functional effects of neuron-restricted insulin receptor deficiency, IR ∆Th mice were mated with LacZ reporter mice (Seibler et al., 2003) . IR ) and sectioned on a cryostat (7 µm). Tissues were stained with galactosidase (# 55976; Cappel) and PIP3 (# Z-G345; Echelon, FITC) and double fluorescence immunostaining was performed as previously described .
Analysis of PIP 3 -formation in situ
For quantitative analysis of PIP3 levels in Th-expressing neurons, a total of 531 LacZpositive neurons was counted in VTA/SN slices of control mice injected with NaCl, (n = 3;
193 Th-expressing neurons), insulin-stimulated control mice (n = 3, 179 Th-expressing neurons), IR ∆Th mice injected with NaCl (n = 3; 100 Th-expressing neurons) and insulinstimulated IR ∆Th mice (n = 4, 160 Th-expressing neurons).
Slides were viewed through a Zeiss Axioskop equipped with a Zeiss AxioCam for acquisition of digital images. Neurons positive for β-gal were counted and marked digitally to prevent multiple counts, and PIP3 immunoreactivity was rated as previously described (Konner et al., 2007; Plum et al., 2006) using Zeiss AxioVision version 4.2 imaging software.
Results were expressed as percentage of Th-expressing neurons, which show the respective PIP3 levels.
Histomorphology
Dissected samples (ovaries, testes, white adipose tissue) were incubated in fixation solution containing 4% (w/v) PFA at 4°C overnight and embedded in paraffin according to a standard protocol . 7 µm sections were mounted onto gelatin-coated slides and hematoxylin/eosin-stained (H&E) (Sigma, St. Louis, MO, USA) after deparaffinization . Pictures were taken with a digital color camera (Leica DFC 425, Twain Version 7.1.0.0) using Leica Application Suite 3.5.0 software. Determination of mean adipocyte surface was carried out in H&E-stained tissues. The cell sizes of all (approximately 100-150) adipocytes within the field of view/picture were determined in adipose tissue slices of at least four independent animals per group using Leica Application Suite 3.5.0.
Viral production and purification
Virus particle production was carried out by calcium phosphate transient cotransfection of the vector plasmid pSubCre, pRC AAV helper plasmid and pXX680 adenovirus helper plasmid into freshly prepared human embryonic kidney 293 (HEK293) cells. pSubCre contained the phosphoglycerate kinase promoter driven Cre cassette that was amplified from pgkCrebPA using primers 5Ascpgk (ggc-gcg-ccg-agg-tcg-acg-gta-tcg-ataagc-tt) and 3NotCre (gcg-gcc-gct-aat-cgc-cat-ctt-cca-gca-g) and subsequently cloned into pSub201GFP using restriction endonucleases AscI and NotI, respectively. HEK293 cells were harvested after 2 days and subjected to Benzonase treatment after lysis. AAV particles were purified using a discontinuous iodixanolgradient (15-60%) and concentrated by affinity chromatography using an UNO-S1 heparin column (Amersham). Recombinant virus titer was determined by quantitative real-time PCR and found to be 2.5 x 10 9 per µl.
In vivo AAV injections
Homozygous male IR lox/lox mice (aged 14 weeks) were anesthetized with a combination of ketamine/xylazine. All surgical procedures were performed under sterile conditions and in accordance with National Institutes of Health guidelines. Mice were positioned in a stereotaxic frame. The skull was exposed, bregma was identified, and two small holes were manually drilled for injection into the ventral tegmental area (coordinates: AP, -2.9 mm; L, -/+1.0 mm; VM, -4.4 mm; 10 degrees toward the midline of the brain) for bilateral injection.
1μl (1*10 8 infectious particles per ml) of AAV-GFP or AAV-Cre was injected in each side using a 1μl Hamilton syringe with 28-gauge tip. After each injection the needle was maintained in position for 15 min to prevent reflux.
Body weight and food intake were measured daily after AAV microinjection. At the end of experiment mice were sacrificed and the brain was dissected. The injection site was verified by histological examination using Thionine staining (David et al., 2008) , allowing for classification of hit or missed VTA injections. ) to enhance the viability of neurons. GaCSF contained (in mM):
Electrophysiology
Animals and brain slice preparation
250 Glycerol, 2.5 KCl, 2 MgCl 2 , 2 CaCl 2 , 1.2 NaH 2 PO 4 , 10 HEPES, 21 NaHCO 3 , 5 Glucose adjusted to pH 7.2 (with NaOH) resulting in an osmolarity of ~310 mOsm. Brain slices were transferred into carbogenated artificial cerebrospinal fluid (aCSF). First, they were kept for 20 min in a 35°C 'recovery bath' and then stored at room temperature (24°C) for at least 30 min prior to recording. aCSF contained (in mM): 125 NaCl, 2.5 KCl, 2 MgCl 2 , 2 CaCl 2 , 1.2 NaH 2 PO 4 , 21 NaHCO 3 , 10 HEPES, and 5 Glucose adjusted to pH 7.2 (with NaOH) resulting in an osmolarity of ~310 mOsm. Slices were transferred to a recording chamber (~3 ml volume) and continuously superfused with carbogenated aCSF at a flow rate of ~2 ml·min -1 .
Experiments were carried out at ~31°C using an inline solution heater (SH27B; Warner Instruments, Hamden, CT, USA) operated by a temperature controller (TC-324B; Warner Instruments). Neurons in the VTA/SN were visualized with a fixed-stage upright microscope (BX51WI; Olympus, Hamburg, Germany), using a 60x water immersion objective (LUMplan FI/IR; 60×; 0.9 numerical aperture; 2 mm working distance; Olympus) with infrareddifferential interference contrast (Dodt and Zieglgansberger, 1990) . Putative DA neurons were identified by anatomical location in the VTA and according to their slow and regular firing and the presence of a large I h -dependent "sag"-potential (Hommel et al., 2006; Lacey et al., 1989; Richards et al., 1997; Ungless et al., 2001; White, 1996) . Current-clamp and voltage-clamp recordings were performed with an EPC10 patch-clamp amplifier (HEKA, Lambrecht, Germany) controlled by the PatchMaster software (version 2.32; HEKA). Data were sampled at intervals of 100 µs (10 kHz) and low-pass filtered at 2 kHz with a four-pole Bessel filter. Whole-cell capacitance was determined by using the capacitance compensation (C-slow) of the EPC10. The liquid junction potential between intracellular and extracellular solution was compensated (14.6 mV for perforated patch recordings and 3.6 mV for PSC recordings; calculated with Patcher's Power Tools plug-in for Igor Pro 6 [Wavemetrics, Lake
Oswego, OR, USA]).
Perforated patch recordings
Perforated patch recordings were performed using protocols modified from Horn & Marty (Horn and Marty, 1988) and Akaike & Harata (Akaike and Harata, 1994) . Electrodes with tip resistances between 3 and 5 MOhm were fashioned from borosilicate glass (0.86 mm inner diameter; 1.5 mm outer diameter; GB150-8P; Science Products) with a vertical pipette puller (PP-830; Narishige, London, UK). Perforated patch recordings were performed with ATP and GTP free pipette solution containing (in mM): 128 K-gluconate, 10 KCl, 10 HEPES, 0.1 EGTA, 2 MgCl 2 and adjusted to pH 7.3 (with KOH) resulting in an osmolarity of ~300 mOsm. ATP and GTP were omitted from the intracellular solution to prevent uncontrolled permeabilization of the cell membrane (Lindau and Fernandez, 1986) . The patch pipette was tip filled with internal solution and back filled with 0.02% tetraethylrhodamine-dextran (D3308, Invitrogen, Eugene, OR, USA) and gramicidin-containing internal solution (~10-75 µg·ml -1 ; G5002; Sigma) to achieve perforated patch recordings. Gramicidin was dissolved in dimethyl sulfoxide (final concentration: 0.1 -0.3%; DMSO; D8418, Sigma) as described previously (Kyrozis and Reichling, 1995) ; and was added to the modified pipette solution shortly before use. The used DMSO concentration had no obvious effect on the investigated neurons. During the perforation process access resistance (R a ) was constantly monitored and experiments were started after R a and the action potential (AP) amplitude were stable (~15 -20 min). A change to the whole-cell configuration was indicated by diffusion of tetraethylrhodamine-dextran into the neuron; and since using an ATP-free pipette solution a change to the whole-cell configuration was obvious by a spontaneous hyperpolarization of the neuron (due to K ATP -channel activation). Such experiments were rejected.
A total of 16 control neurons (of 14 different control mice; 6 VTA neurons; 10 SNC neurons) and 10 IR ∆Th neurons (of 8 different IR ∆Th mice; 2 VTA neurons; 8 SNC neurons)
were recorded. Importantly, insulin's effect on firing properties was detectable in both VTA and SNC control neurons.
Measurements of postsynaptic currents
Postsynaptic currents (PSCs) were measured in the whole-cell configuration (Hamill et al., 1981) . Patch pipettes were filled with (in mM) 140 KCl, 10 HEPES, 0.1 EGTA, 5
MgCl2, 5 K-ATP, 0.3 Na-GTP and 2 QX-314 (Q-200, Alomone, Jerusalem, Israel; pH 7.3, adjusted with KOH), resulting in an osmolarity of ~300 mOsm. The high intracellular chloride concentration in the recording pipettes shifted the chloride equilibrium potential to a more depolarized potential, which reversed the polarity of GABA A receptor mediated currents from outward to inward, and made their detection easier by increasing the driving force on the chloride ions. Cells were voltage clamped at -60 mV and data were sampled at a frequency of 10 kHz. The contribution of excitatory and inhibitory PSCs (EPSCs, IPSCs) to the synaptic input was determined in three steps. First, we measured the overall frequency of PSCs.
Second, we blocked the glutamatergic EPSCs with DL-2-Amino-5-phosphonopentanoic acid (D-AP5; 50 µM; A5282, Sigma) and 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 µM; C127, Sigma) to isolate the IPSCs, which were identified as GABAergic (inhibitory) PSCs by their sensitivity to picrotoxin (PTX; 100 µM; P1675, Sigma). The overall PSC frequency was determined after the recording had stabilized (>10 minutes after break in) for a 2 minutes interval. The IPSC frequency was measured after 10 -15 minutes D-AP5/CNQX application for a 2 minutes interval. The EPSC frequency was determined by subtracting the IPSC frequency from the overall frequency.
To calculate EPSC and IPSC frequency, the PSC recordings were analyzed off line.
The data were digitally filtered and the DC component was removed using the smooth (10 ms time period) and the DC remove (10 ms time period) functions provided in the CED software.
PSCs were automatically detected when the signal crossed a threshold that was set and adjusted manually depending on the noise level of the signal. This semi-automated detection procedure was verified by visual inspection.
Drugs
Insulin (200 nM; I9278, Sigma) was bath-applied at a flow rate of ~2 ml·min -1 . It was added to the normal aCSF shortly before the experiments. For PSC measurements D-AP5, CNQX and PTX were bath-applied in the given concentrations at a flow rate of ~2 ml·min -1 .
CNQX was dissolved in DMSO and added to the normal aCSF with a final DMSO concentration of 0.04%. The DMSO concentration had no obvious effect on the investigated neurons. QX-314 was added to the intracellular solution.
Data analysis
Data analysis was performed with Spike2 (Cambridge Electronics, Cambridge, UK)
and Graphpad Prism (version 5.0b; Graphpad Software Inc., La Jolla, CA, USA). Numerical values in the text are given as mean ± standard error. Because the insulin responsiveness of DA neurons was not homogenous we used the '3 times standard deviation (SD) criterion' (Dhillon et al., 2006; Kloppenburg et al., 2007) . For each neuron, the firing rate averaged from 15 sec intervals was taken as one data point. To determine the mean firing rate with SD 8 to 10 data points at stable firing rates were averaged. A neuron was considered insulin responsive if the change in firing induced by insulin was 3 times larger than the SD. To determine differences in means between the treated and untreated state one-way ANOVA was performed; post hoc pairwise comparisons were performed using t tests with the NewmanKeuls method for p value adjustment. Two-tailed unpaired t tests were performed to determine differences in the spontaneous spike frequency and PSC frequency between neurons lacking the insulin receptor (IR ΔTh ) and neurons of control littermates. A significance level of 0.05 was accepted for all tests.
Statistical Methods
Data sets were analyzed for statistical significance using either a two-tailed unpaired student's t-test or if applicable (i.e. comparison of locomotor activity under basal conditions and after cocaine treatment) a two-tailed paired student's t-test. In one case, i.e., the comparison of average daily food intake of AAV-Cre VTA hit mice with either AAV-GFP or AAV-Cre VTA missed mice, a one-tailed unpaired student's t-test was performed. All p values below 0.05 were considered significant. All displayed values are means ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001 versus controls.
